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We study theoretically the Raman scattering response I(ω) in the gapless quantum spin liquid
phase of the Kitaev-Heisenberg model. The dominant polarization-independent contribution IK(ω)
reflects the density of states of the emergent Majorana fermions in the ground-state flux-sector. The
integrability-breaking Heisenberg exchange generates a second contribution, whose dominant part
IH(ω) has the form of a quantum quench corresponding to an abrupt insertion of four Z2 gauge
fluxes. This results in a weakly polarization dependent response with a sharp peak at the energy of
the flux excitation accompanied by broad features, which can be related to Majorana fermions in
the presence of the perturbed gauge field. We discuss the experimental situation and explore more
generally the influence of integrability breaking for Kitaev spin liquid response functions.
Introduction. Frustrated magnetic materials hold the
promise of showing a wide variety of novel cooperative
quantum phenomena. Frustration can arise when inter-
actions are incompatible with the geometry of the under-
lying lattice, or as a result of competing interactions. An
example of the latter is given by the celebrated Kitaev
model [1], where half-integer spins, arranged on a honey-
comb lattice, interact via anisotropic Ising exchange. The
model harbours distinct topologically ordered states, in-
cluding gapless and gapped quantum spin liquids (QSL).
Only a few models up to date are known to exhibit
quantum spin-liquid states, and among those the Kitaev
model stands out as it offers an exact solution in two di-
mensions [1]. The model serves as a representative of a
large class of spin-liquids with Majorana fermions cou-
pled to a Z2 gauge-field. A number of integrable gener-
alizations of the model exist with spin-disordered ground
states [2–4], as well as three-dimensional analogies [5–9].
Because of the simple form of the Kitaev Hamilto-
nian there is hope that its physics can be realized in na-
ture. A number of proposals suggest that materials with
strong spin-orbit coupling, such as A2IrO3 where A =
Na, Li, are possible candidates [10–12]. In these com-
pounds, Ir4+ ions form weakly coupled hexagonal lay-
ers. Due to spin-orbit coupling, the atomic ground state
of Ir4+ ion is a Kramers doublet in which spin and or-
bital angular momentum are entangled. The interactions
between these magnetic moments are modeled by the
Kitaev-Heisenberg (KH) model, which contains both the
anisotropic ferromagnetic Kitaev interaction JK , as well
as the isotropic antiferromagnetic Heisenberg exchange
JH . Recent theoretical studies indicate that the QSL
phase of the Kitaev model is stable with respect to small
Heisenberg perturbations, [11, 13, 14] and thus might be
realized in A2IrO3 systems [15].
Raman scattering is a valuable tool for understanding
antiferromagnetically ordered transition metal oxides be-
cause its polarization dependence allows to probe differ-
ent regions of the Brillouin zone [16], e.g. in frustrated
triangular antiferromagnets [17, 18], and in high-Tc su-
perconductor parent compounds [19–22]. In Mott insula-
tors, the Raman process couples a dynamically induced
electron-hole pair with “two-magnon states” which re-
flect the underlying magnetic phase even if a simple spin
wave picture of the low energy excitations is not applica-
ble, e.g. in QSLs [23, 24]. Due to the lack of local order
a very weak polarization dependence is conjectured to be
one of the key signatures of QSLs [23]. Indeed, recent Ra-
man scattering experiments revealed spin-liquid like fea-
tures in the Heisenberg spin one-half Kagome-lattice an-
tiferromagnet, herbertsmithite ZnCu3(OH)6Cl2 [25]. In
addition, given the difficulty of using neutrons to study
compounds hosting iridium ions [26], Raman scattering
may be of particular interest for the A2IrO3 series.
Clearly, a detailed quantitative analysis of Raman scat-
tering in a spin liquid is called for, not least because
the experimental task of diagnosing QSLs remains such
a challenge. The main result of this work is the identifi-
cation, in the dynamical Raman scattering response, of
signatures of quantum number fractionalization, a hall-
mark of a topologically ordered phase. We report a the-
oretical analysis of the inelastic Raman scattering ob-
tained within the KH model in the limit of small Heisen-
berg exchange, where the parent ground state is the QSL
of the corresponding exactly solvable Kitaev model [11].
To leading order in Heisenberg exchange, and neglecting
higher order combinations of Majorana fermion density
of states, we obtain two dominant contributions to the
response I(ω) = IK(ω) + IH(ω), IK(ω) originating from
the Kitaev term, and IH(ω) from the Heisenberg pertur-
bation. Our perturbation theory amounts to approximat-
ing the ground state of the KH model with the integrable
one. However, the calculation of the response goes one
step beyond integrability by including contributions to
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2FIG. 1: Kitaev honeycomb model. The shaded yellow re-
gion indicates the unit cell with two sites A and B. Three
inequivalent nearest-neighbour bonds, denoted as x, y, z, are
indicated as red, green, and blue correspondingly. The calcu-
lation of the Raman response due to the Heisenberg part can
be mapped to a local quantum quench, in which four adjoin-
ing Z2 fluxes, shown as gray hexagons, are inserted, e.g. the
contribution from nearest-neighbor σyArσ
y
Br interactions along
a z-bond which flips the sign of the link variables is shown by
green dashed bonds.
the Raman vertex arising from the integrability-breaking
Heisenberg term.
In the remainder of the paper, after introducing the
KH model, we derive the expression for the Raman ver-
tex. We then outline the evaluation of IK and IH , and
discuss their salient characteristic features. We close with
remarks on the relevance of our results to a broader class
of Hamiltonians and observables.
Model. The Hamiltonian of the KH model reads
Hˆ = −JK
∑
〈ij〉a
σˆai σˆ
a
j + JH
∑
〈ij〉
σˆi · σˆj , (1)
which reduces to the original Kitaev model for JH = 0.
As shown in Kitaev’s seminal work, the model can be
exactly solved in this limit by representing the spin-1/2
operators σˆai in terms of four Majorana fermion opera-
tors bˆxi , bˆ
y
i , bˆ
z
i , and cˆi such that σˆ
a
i = icˆibˆ
a
i , which sat-
isfy the anti-commutation relations, {bˆai , bˆa
′
j } = 2δijδa,a′ ,
{cˆi, cˆj} = 2δij , and {cˆi, bˆaj } = 0. For our purposes it is
convenient to introduce complex bond-fermions χˆ†〈ij〉a =
(bˆai − ibˆaj )/2 by combining two bˆ Majorana operators on
adjacent sites. The Kitaev contribution in Eq. (1) then
takes the form
HˆK = iJK
∑
〈ij〉a
uˆ〈ij〉a cˆi cˆj , (2)
where bond operators uˆ〈ij〉a = ibˆ
a
i bˆ
a
j = 2χˆ
†
〈ij〉a χˆ〈ij〉a − 1
are constants of motion for HˆK , i.e. [HˆK , uˆ〈ij〉a ] = 0.
The Hilbert space in which HˆK acts can now be decom-
posed into gauge |F 〉 and matter |M〉 sectors. We denote
the ground state of HˆK by |0〉 = |F0〉 ⊗ |M0〉, in which
uˆ〈ij〉a |F0〉 = +1|F0〉, i.e. we replace the bond operators
by their ground-state eigenvalue +1. The Kitaev part of
the Hamiltonian then reduces to a quadratic form in Ma-
jorana fermions cˆi, and thus can be diagonalised. To this
end, we first combine two Majorana cˆ fermions belong-
ing to two sub-lattices in the unit cell to form a complex
fermion (a matter fermion), fˆr = (cˆA,r + icˆB,r)/2. Af-
ter a Fourier transform, followed by a Bogoliubov trans-
formation fˆq = cos θqaˆq + i sin θqaˆ
†
−q, the Hamiltonian
of Eq. (2) in the ground-state flux-sector is diagonal-
ized Hˆ0 = HˆK,F0 =
∑
q |sq|(2aˆ†qaˆq − 1), where sq =
JK(1 + e
iq·n1 + eiq·n2), and tan 2θq = −Im[sq]/Re[sq].
The primitive lattice vectors n1, n2 are defined in Fig. 1.
The ground state of the matter sector |M0〉 is defined by
the condition that aˆq|M0〉 = 0 for all q, and the ground-
state energy is E0 = −
∑
q |sq|.
We note that the Hamiltonian of Eq. (2) is defined
in the enlarged Hilbert space, and HˆK has a local Z2
gauge invariance. The fermionic spectrum is thus defined
by the configurations {φ7} of Z2 fluxes on hexagons;
here φ7 = ∏〈ij〉∈7 uij is a product of bond variables.
The fermionic ground state lives in the flux-free sec-
tor, i.e. when φ7 = +1 on all hexagons. The phys-
ical states |Ψphys〉 = Pˆ |Ψ〉 are defined using projec-
tor Pˆ = 12 Pˆ
′ [1 + (−1)Nχ(−1)Nf ], where Pˆ ′ is the sum
of all operators that change bond fermion numbers in
an inequivalent way [2], and Nχ/f are the bond/matter
fermion number operators. Note that for a given state
the total parity of Nχ + Nf is a conserved quantity be-
ing always even, whereas the parity of the corresponding
bond/matter sectors can be changed by a gauge trans-
formation. In the remainder we use the property that for
a large class of operators, e.g. those that do not change
the bond fermion number, matrix elements are the same
when calculated in projected or unprojected states. [31]
Upon addition of small non-zero Heisenberg exchanges
to the Hamiltonian (JH 6= 0), the Kitaev QSL states re-
main stable [11], with ultra-short-ranged (nearest neigh-
bor only) spin-correlations replaced by exponentially de-
caying ones [14]. We assume in the following, that
λ = JH/JK  1 and take into account the Heisenberg
terms perturbatively.
Raman operator. We derive the Raman vertex oper-
ator along the lines of the Loudon-Fleury approach [27,
28]. The former is given by the photon-induced super-
exchange, which for the KH model contains two contri-
butions Rˆ = RˆK + RˆH (the counterpart of the Loudon-
Fleury vertex for the Heisenberg model)
Rˆ =
∑
〈ij〉a
(ˆin · da)(ˆout · da)
(
KK σˆ
a
i σˆ
a
j +KH σˆi · σˆj
)
,(3)
where da denote lattice vectors, and ˆin/out are polariza-
tion vectors of the incident/outgoing photons. The con-
stantsKK ∝ JK andKH ∝ JH , hence λ = KH/KK  1.
The Raman response of the KH model (1) is related
3to the Fourier transform I(ω) =
∫∞
−∞ dte
iωtiF (t) of the
correlation function iF (t) = 〈Rˆ(t)Rˆ(0)〉, where the av-
erage is taken with respect to the ground state |Ψ0〉 of
the KH Hamiltonian, and the operators Rˆ(t) are in their
Heisenberg representation. After switching to the inter-
action representation treating HˆH as the interaction, the
correlation function takes the form
F (t) = −i〈0|TK [Rˆ(t)Rˆ(0) e−i
∫
CK
HˆH(t′)dt′ ]|0〉, (4)
where time-ordering TK and the integral are assumed to
be along the Keldysh contour (with the Heisenberg term
adiabatically switched on and off at t→ −∞). Note that
the average is taken with respect to the ground state |0〉
of the Kitaev Hamiltonian Eq. (2). Starting from Eq. (4)
we perturbatively compute the response by expanding
the exponent in powers of λ = JH/JK , see supplementary
material [30]. To leading order in λ, and neglecting long-
range correlations of the Majorana fermions containing
higher order combinations of their density of states, we
find two dominant contributions to the response F (t) ≈
FK(t) + FH(t).
Let us first consider the Raman response of the unper-
turbed Kitaev model, iFK(t) = 〈0|T[RˆK(t)RˆK(0)]|0〉,
here T denotes the standard time-ordering. In terms of
quasiparticle operators aˆq which diagonalize the flux-free
Hamiltonian (2), the Raman operator is given by
RˆK =
∑
q
{
(h′q cos 2θq − h′′q sin 2θq)aˆ†qaˆq
+i(h′q sin 2θq + h
′′
q cos 2θq)aˆ
†
qaˆ
†
−q + h.c.
}
, (5)
where h′q and h
′′
q denote the real and imaginary parts of
hq ≡ K
∑3
a=1(ˆin · da)(ˆout · da)eiq·na with n0 = (0, 0)
and n1,n2 defined in Fig. 1. Then
IK(ω) = 4pi
∑
q
δ(ω − 4|sq|)
(
Im[hqs
∗
q]/|sq|
)2
. (6)
Next, we obtain the leading contribution to the Ra-
man response due to the Heisenberg exchange iFH(t) =
〈0|T[RˆH(t)RˆH(0)|0〉. A typical term in RˆH , for exam-
ple on a z bond, contains spin operators ∝ σˆxA,rσˆxB,r +
σˆyA,rσˆ
y
B,r. In terms of Majorana fermions, the spin op-
erator, e.g. σˆaA,r = icA,r(χ〈A,r;B,r+na〉a + χ
†
〈A,r;B,r+na〉a),
creates a matter fermion cˆi and changes the bond fermion
number χ which corresponds to flipping the sign of two
Z2 fluxes on the plaquettes neighboring the bond (here
the corresponding bond is of x or y type). The combined
effect of these terms in RˆH is to insert four fluxes around
the z-bond at site r; see Fig. 1. The Z2 fluxes have to be
annihilated by the corresponding term in the other Ra-
man operator in iFH(t) for a nonzero expectation value
with respect to |0〉. Consequently, the Heisenberg Raman
response FH can be decomposed into a sum over individ-
ual bonds FH(t) =
∑
a=x,y,z
∑
r FH,a(r, t). We focus on
contributions from the z bond (contributions from the x
and y bonds can be obtained by symmetry).
The correlator FH,z(r; t) contains two types of matrix
elements, 〈σˆx(t)σˆx(t)σˆx(0)σˆx(0)〉, and the off-diagonal
ones 〈σˆx(t)σˆx(t)σˆy(0)σˆy(0)〉. The corresponding corre-
lators are denoted as F xx(t) and F xy(t). The former
can be calculated without projection onto the physical
states. However, the off-diagonal term conserves the flux
sector, but changes the number of bond fermions, χˆ, thus
one has to use the projectors in the calculation of F xy(t)
[2, 29], see supplementary material for details [30].
The calculation of the Heisenberg part of the correlator
can be cast as a local quantum quench, similar to the
calculation of the dynamical spin correlation function in
the Kitaev model [31, 32]. The Raman response can be
expressed entirely in terms of matter fermion operators
acting in the ground-state flux sector, |F0〉, subject to a
dynamic local potential Vˆ
F xxH,z(r, t) = −i〈M0|eitHˆ0 e−it(Hˆ0+Vˆr)|M0〉,
F xyH,z(r, t) = −i〈M0|eitHˆ0 e−it(Hˆ0+Vˆr)cA,rcB,r|M0〉. (7)
Here, the Hamiltonian Hˆ0+Vˆr differs from Hˆ0 in the sign
of the Majorana hopping for the two y bonds attached
to sites (A, r) and (B, r). The locally perturbed Hamil-
tonian belongs to the sector with four extra fluxes shown
in Fig. 1. The problem is now reduced to the one of a
local quantum quench, where the ground state |M0〉 of
Hˆ0 is time evolved with a different Hamiltonian Hˆ0 + Vˆr.
Note that in the calculation of dynamic spin-correlators
in the Kitaev model, Vˆr ∝ fˆ†r fˆr assumes the form of a
local on-site potential [32] which is switched on at t = 0.
We have a four-flux rather than two-flux quench and the
expression for Vˆr in terms of complex bond-fermions is
complicated. The correlators can be evaluated numer-
ically using the Lehmann representation. To this end,
we introduce a basis |λ〉 of many-body eigenstates of the
Hamiltonian Hˆ0 + Vˆr. We denote the corresponding en-
ergy as Eλ and the ground-state energy of Hˆ0 as E0. We
obtain
IxxH,z(ω) = 2pi
∑
λ
δ (ω −∆λ) |〈M0|λ〉|2, (8)
IxyH,z(ω) = 2pi
∑
λ
δ (ω −∆λ) 〈M0|λ〉〈λ|cˆA,rcˆB,r|M0〉,
where ∆λ = Eλ − E0. Note that non-zero contributions
come only from excited states |λ〉 with the same parity
as the ground state |M0〉 of matter fermions. We numeri-
cally calculate the dominant contributions I
[0]
H (ω), I
[2]
H (ω)
due to zero and two-particle processes, details are rele-
gated to the supplementary material [30].
Results. The Raman response, shown in Fig. 2, is
markedly different from the known strongly polariza-
tion dependent behavior seen in the two-magnon re-
sponse in antiferromagnetically ordered systems. In fact,
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FIG. 2: The Raman response I(ω) (black curve) and its
various contributions (here JK = 10JH). The Kitaev contri-
bution IK(ω), shown in green, is independent of the photon
polarization and shows characteristic features of the matter
fermion density of states including the linear onset at low en-
ergies and the band-edge at 12JK , note the additional factor
of 2 in Eq.(6). The van Hove singularity at 2JK is seen as a
small dip at 4JK (a discontinuity of the derivative). The zero
and two-particle responses, I
[0]
H (ω) and I
[2]
H (ω), of the Heisen-
berg Raman contribution are shown in blue and red (dashed)
respectively. A δ-function peak occurs at the four flux gap
∆F = 0.446JK , while the frequency dependence of the two-
particle contribution reflects the local two-particle density of
states in the presence of four fluxes.
the characteristic features of the weakly polarization-
dependent response I(ω) can be related either to the flux,
or the Majorana fermion sector: First, the polarization-
independent Kitaev contribution IK(ω) reflects the Ma-
jorana matter fermion density of states in the ground
state flux sector. It has a linear onset at low energies, a
sharp band-edge at 12JK , and a dip at 4JK due to the van
Hove singularity. Second, the Heisenberg contribution,
which has a weak polarization dependence with a sim-
ple overall intensity change, is related to flux excitations,
e.g. IH(ω) = 0 for ω < ∆F . A striking feature is a sharp
peak at the energy of the four flux gap ∆F = 0.446JK
originating from the zero-particle contribution (overlap
between ground states), see Eq. (8). This is a clear sig-
nature of a pure flux excitation for the isotropic gapless
QSL (JxK = J
y
K = J
z
K). Note that normally sharp lines
in Raman scattering are attributed to optical phonons
which appear at different energy scales [16]. In addition,
IH(ω) has a broad response in energy reflecting the two-
particle density of states of matter fermions propagating
in the background of four inserted fluxes.
Our analysis of the Raman response relies on the sta-
bility of the Kitaev QSL with respect to addition of small
Heisenberg exchanges (note that the latter is believed to
be small in the proposed Kitaev model realisations in
Iridates). We expect that for small Heisenberg couplings
the features that we find are robust, being only some-
what renormalized by non-local fluctuations originating
from the dynamics of the fluxes generated by the Heisen-
berg exchange (or disorder which is present in real mate-
rials). Crucially, there is a window of parameters where
the features that we find should be observable, thus mak-
ing Raman scattering an important experimental tool for
diagnosing Kitaev QSLs.
Discussion. The calculation of the Heisenberg part
IH(ω) of the Raman response is equivalent to a non-
equilibrium problem with a sudden insertion of four
fluxes. The Raman vertex of the Kitaev model does not
change the flux sector, but the integrability breaking con-
tribution due to Heisenberg interactions does. The latter
takes the form of a quantum quench which generates an
unusual sharp δ-function component in the response.
In general, for Kitaev type models we expect that the
calculation of correlation functions 〈Oˆ(t)Oˆ(0)〉, whose op-
erators Oˆ change the flux sector, can be mapped to a local
quantum quench for Majorana fermions by exploiting se-
lection rules and by eliminating flux degrees of freedom
as pioneered for the spin correlation function in the orig-
inal Kitaev model [31]. This is true, for example, for
the calculation of spin correlations in generalizations of
the honeycomb model to higher dimensions [5–9] (or pos-
sibly even to different classes [2–4]). The response will
mainly be determined by the low energy matter fermions;
e.g. depending on the Fermi surface topology, a singular
behavior may appear. Overall, while a QSL might be sta-
ble with respect to sufficiently weak integrability break-
ing interactions, the change in response functions can be
remarkable, revealing basic properties of the underlying
phase by connecting otherwise orthogonal sectors of the
emergent gauge flux.
In conclusion, we have shown that Raman scattering
renders visible both flux and Majorana fermion excita-
tions potentially relevant to Iridates. It thus presents a
valuable tool for diagnosing topological quantum states.
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6SUPPLEMENTARY MATERIAL
Here, we provide details of our perturbation theory in small Heisenberg coupling. In addition, we present the
calculation of IH(ω) contribution to the Raman response. We also discuss the relevance of projection operators (to
the physical subspace) for our calculations.
Perturbation theory
We derive the leading contributions to Eq.(4) at small KH/KK = JH/JK = λ  1. We explicitly take λ out
of the definition of the coupling constants such that H = HK + λHH and R = RK + λRH . The contributions of
the Heisenberg Hamiltonian and Raman vertex diagonal in the flux sectors are absorbed into the Kitaev exchange
constants such that JK → JK(1 + λ), KK → KK(1 + λ). Hence every term in HH and RH changes the flux sector
when acting on the Kitaev ground state |0〉.
The expression for the response reads (all operators are given in the interaction representation, where the Heisenberg
term is treated as interaction)
iF (t) = 〈0|S†(t,−∞)R(t)S(t, 0)R(0)S(0,−∞)|0〉, (9)
S(t, t′) = T exp
{
−iλ
∫ t
t′
HH(τ)dτ
}
(10)
= T
1 + λ (−i)
∫ t
t′
dτHH(τ)︸ ︷︷ ︸
≡h(1)H (t,t′)
+λ2
(−i)2
2
∫ t
t′
dτ1
∫ t
t′
dτ2HH(τ1)HH(τ2)︸ ︷︷ ︸
≡h(2)H (t,t′)
+ · · ·
 , (11)
and we expand to leading order
iF (t) ≈ 〈0|RK(t)RK(0)|0〉+ λ2〈0|RH(t)RH(0)|0〉. (12)
All terms linear in λ vanish due to orthogonality of the flux sectors. The final two terms in Eq. (12) are the main
contributions FK and FH . Note that the contribution FH is a sum of purely local terms, see discussion in the next
section, especially Eq. (13).
The omitted λ2 terms involve non-local contributions. For example, four fluxes which are inserted by the term
RH can be locally annihilated by a suitable term in HH and the remaining matter degrees of freedom are non-local.
Such multi-particle excitations are proportional to density-density fluctuations [35] having higher orders of the matter
fermion density of states and would contribute only a correction which is broad in energy and in particular small
at low energies [35]. This is because in a Dirac system with only Fermi points instead of a proper Fermi surface,
particle-hole excitations are suppressed at low energies due to the linearly vanishing density of states [36].
Heisenberg contribution
The vertex RH =
∑
〈ij〉α RH,〈ij〉α can be separated into three parts from the inequivalent bond di-
rections RH =
∑
〈ij〉z KH (indz) (outdz)
[
σxi σ
x
j + σ
y
i σ
y
j
]
+
∑
〈ij〉x KH (ˆindx) (ˆoutdx)
[
σzi σ
z
j + σ
y
i σ
y
j
]
+∑
〈ij〉y KH (ˆindy) (ˆoutdy)
[
σxi σ
x
j + σ
z
i σ
z
j
]
. Each of the terms RH,〈ij〉α puts in four fluxes around the α-bond
at site r, see Fig.1. The orthogonality of the flux sector greatly simplifies the calculation which turns out to be bond
diagonal
iFH(t) = 〈RH(t)RH(0)〉 =
∑
〈ij〉α
∑
〈kl〉β
〈RH,〈ij〉α(t)RH,〈kl〉β (0)〉 =
∑
〈ij〉α
〈RH,〈ij〉α(t)RH,〈ij〉α(0)〉. (13)
We concentrate on the Raman operator of a single z bond, e.g. RH,〈ArBr〉z ∝ σxArσxBr + σyArσyBr. The other
contributions can be obtained by cyclic permutation of the exchange constants Jx, Jy, Jz and a rotation of the in- and
out-going scattering angles by multiples of 2pi3 . The Raman intensity from the z-bond is given by
iFH,z(t) = λ
2 [KK (ˆindz) (ˆoutdz)]
2 〈[σxAr(t)σxBr(t) + σyAr(t)σyBr(t)] [σxAr(0)σxBr(0) + σyAr(0)σyBr(0)]〉 (14)
7with two different types of matrix elements: spin component diagonal, e.g. 〈σx(t)σx(t)σx(0)σx(0)〉, and off-diagonal
ones, e.g. 〈σx(t)σx(t)σy(0)σy(0)〉. The former operator can be calculated without the projection onto the physical
state because it neither changes the flux sector nor the bond fermion number. [31] The off-diagonal term conserves
the flux sector but does change the bond fermion number χ. Therefore, it is necessary to project the contribution
from this term onto the physical state.[2] However, while the correlation function 〈σx(t)σx(t)σyσy〉 is non-zero, we
find that its contribution to the Raman response is canceled by the 〈σy(t)σy(t)σxσx〉 term.
The calculation of the diagonal term
〈σxAr(t)σxBr(t)σxAr(0)σxBr(0)〉 = 〈eitH0icAr
[
χ〈Ar,Br+nx〉x + χ
†
〈Ar,Br+nx〉x
]
cBr
[
χ〈Ar−nx,Br〉x − χ†〈Ar−nx,Br〉x
]
×(15)
e−itH0icAr
[
χ〈Ar,Br+nx〉x + χ
†
〈Ar,Br+nx〉x
]
cBr
[
χ〈Ar−nx,Br〉x − χ†〈Ar−nx,Br〉x
]
〉
proceeds in a similar fashion as pioneered by Baskaran et al. [31] for the spin correlation function. The aim is to
eliminate the bond fermions and to work entirely in the ground state flux sector. Recall that the expectation value
is taken over the ground state |0〉 = |F0〉|M0〉 and we work in a gauge with χ†iχi|F0〉 = |F0〉. We commute all bond
operators to the right
χ†〈Ar,Br+nx〉xχ
†
〈Ar−nx,Br〉xe
−itH0 = e−itHK [〈Ar,Br+nx〉x,〈Ar−nx,Br〉x]χ†〈Ar,Br+nx〉xχ
†
〈Ar−nx,Br〉x (16)
where HK [〈Ar, Br + nx〉x, 〈Ar− nx, Br〉x] is the Majorana hopping Hamiltonian with flipped link variables
u〈Ar,Br+nx〉x = −1 and u〈Ar−nx,Br〉x = −1 which corresponds to four fluxes around the z-bond. In the following
we use the shorthand notation HK [〈Ar, Br + nx〉x, 〈Ar− nx, Br〉x] = HK [+nx,−nx]. We obtain an expression
entirely in terms of matter fermions. The diagonal correlation function is
〈σxAr(t)σxBr(t)σxAr(0)σxBr(0)〉 = 〈M0|eitH0cArcBre−itHK [+nx,−nx]cBrcAr|M0〉 . (17)
This expression can be further simplified with the gauge equivalent cArcBre
−itHK [+nx,−nx]cBrcAr =
e−itcArcBrHK [+nx,−nx]cBrcAr = e−itHK [+ny,−ny ] such that we recover the first line of Eq. (7)
〈σxAr(t)σxBr(t)σxAr(0)σxBr(0)〉 = 〈M0|eitH0e−itHK [+ny,−ny ]|M0〉. (18)
This is a quantum quench in which the ground state |M0〉 of H0 is time evolved with the four flux Hamiltonian
HK [+ny,−ny] = H0 + Vr.
Next, we study the off-diagonal term 〈σx(t)σx(t)σy(0)σy(0)〉 for which it is necessary to include the projection
operator Pˆ |Φ〉 = ∏j 1+Dˆj2 |Φ〉 = |Φphys〉 with Dˆj = bxj byj bzjcj . Note that operators Dˆj commute with the HamiltonianHK and all spin operators σˆai . The projection can be factorized into [2]
Pˆ = Pˆ ′
1 +
∏
j Dˆj
2
=
Pˆ ′
[
1 + (−1)Nχ(−1)Nf ]
2
(19)
where Pˆ ′ is the sum of all operators that change the bond fermion number in an inequivalent way. Here Nχ and Nf
are the total number of bond and matter fermions. We work with even total fermion number and use the fact that Pˆ
commutes with all spin operators such that 〈Pˆ ′σxAr(t)σxBr(t)σyAr(0)σyBr(0)Pˆ ′〉 = 〈σxAr(t)σxBr(t)σyAr(0)σyBr(0)Pˆ ′〉 which
can be simplified in a similar fashion as before to
〈Pˆ σxAr(t)σxBr(t)σyAr(0)σyBr(0)Pˆ 〉 = −〈eitH0e−itHK [+ny,−ny] × (20)
χ†〈Ar,Br+nx〉xχ
†
〈Ar−nx,Br〉x
[
χ〈Ar,Br+ny〉y + χ
†
〈Ar,Br+ny〉y
] [
χ〈Ar−ny,Br〉y − χ†〈Ar−ny,Br〉y
]
Pˆ ′〉.
In this expression only the part DˆArDˆBr of Pˆ
′ together with the product of χ operators does not change the bond
fermion number. On the one hand, the operator DˆArDˆBr eliminates the additional bond fermions but, on the other
hand, it also introduces additional matter fermions. We recover the second Eq. (7)
〈σxAr(t)σxBr(t)σyAr(0)σyBr(0)〉 = 〈M0|eitH0e−itHK [+ny,−ny ]cArcBr|M0〉. (21)
8Leading few-particle contributions: zero- and two-particle response
We insert a complete set of states
∑
λ |λ〉〈λ| into Eq.(7) with many-body eigenstates |λ〉 of the four flux Hamiltonian
HK [+ny,−ny] = H0 + Vr. After Fourier transformation to the frequency domain, we obtain the expressions for the
Raman intensity IxxH, z(ω) and I
xy
H, z(ω) presented in Eq.8 of the main text. In the sum over λ, in general, all multi-
particle processes b†λ...b
†
λ′ |MF 〉 contribute with operators b†λ diagonalizing the four flux Hamiltonian of the matter
sector with the ground state |MF 〉. In the following, we derive formulas of the leading few-particle contributions.
This approximation is expected to be very good because, due to the vanishing density of states, at low energies higher
number particle processes are suppressed. For example, in the case of the pure Kitaev model at the isotropic point
(Jx = Jy = Jz), already 98 % of the total exact spin structure factor were captured by single particle excitations. [32]
In a short hand notation, let b and a be the eigenmodes of (or operators that diagonalize) the system with extra
fluxes and the one without extra fluxes, respectively, (written in terms of bond fermions f = (cA + icB)/2 ) such that(
X∗0 Y
∗
0
Y0 X0
)(
f
f†
)
=
(
a
a†
)
and
(
X∗F Y
∗
F
YF XF
)(
f
f†
)
=
(
b
b†
)
. (22)
The two flux sectors can be related via(X ∗ Y∗
Y X
)(
a
a†
)
=
(
b
b†
)
with
(X ∗ Y∗
Y X
)
=
(
X∗FX
T
0 + Y
∗
F Y
T
0 X
∗
FY
†
0 + Y
∗
FX
†
0
YFX
T
0 +XFY
T
0 YFY
†
0 +XFX
†
0
)
. (23)
The ground state of the system with flux , b|MF 〉 = 0, can be obtained from the ground state of the flux free system,
a|M0〉 = 0, [37] as
|MF 〉 = det
(X †X ) 14 e− 12Fija†ia†j |M0〉 with Fij = [X ∗−1]il V∗lj (24)
which leads to the overlap 〈MF |M0〉 = det
(X †X ) 14 .
The first contribution to the sum of the Lehmann representation Eq.8 comes from the ground state overlaps
(|λ〉 = |M0〉)
I
xx,[0]
H,z (ω) = 2piδ (ω −∆F )
√
det (X †X ) (25)
I
xy,[0]
H,z (ω) = i2piδ (ω −∆F )
√
det (X †X )
1− 2∑
k
|Yk0|2 − 2
∑
j,k
Y †0kF∗kjX∗j0
 . (26)
We have numerically studied systems up to 62 × 62 unit cells (7688 spins). The zero particle response is nonzero if
the overlap between the ground states |〈M0|MF 〉| is nonzero. It turns out that this is indeed the case since both have
the same parity. In addition, there is no Anderson orthogonality catastrophe for such a Dirac system. [32] Hence, we
have derived a δ-function contribution at the four flux gap ∆F to the total Raman response.
The next signal from single particle contributions b†λ|MF 〉 are zero because of opposite parity to the zero flux
ground state |M0〉. Only even numbers of particles contribute. Frequency dependence first arises from two particle
contributions b†λb
†
λ′ |MF 〉
I
xx,[2]
H,z (ω) = 2pi
∑
λ,λ′
δ (ω − [Eλ + Eλ′ − E0]) |〈M0|b†λb†λ′ |MF 〉|2 (27)
I
xy,[2]
H,z (ω) = 2pi
∑
λ,λ′
δ (ω − [Eλ + Eλ′ − E0]) 〈M0|b†λb†λ′ |MF 〉〈MF |bλ′bλcA0cB0|M0〉.
The matrix elements are given at the end. It turns out that the off-diagonal contributions IxyH,z(ω), which involve the
projection operator, are purely imaginary. They are exactly canceled by the complex conjugate IyxH,z(ω) and do not
contribute to the Raman response.
The matrix elements for the two particle contribution, Eq.27, are
G
[2]
λλ′ = 〈M0|b†λb†λ′ |MF 〉 = det
(X †X ) 14 {YλlX Tlλ′ + YλlFlkYTkλ′} (28)
9and
G
[4]
λλ′ = 〈M0|cB0cA0b†λb†λ′ |MF 〉 = −iG[2]λλ′ + g[4]λλ′ + g˜[4]λλ′ with (29)
g
[4]
λλ′ = 2idet
(X †X ) 14 {XλiXi0Xλ′jYj0 −XλiYi0Xλ′jXj0 + Y ∗i0Y0iYλlX Tlλ′} (30)
g˜
[4]
λλ′ = 2idet
(X †X ) 14 {YλlX Tlλ′XT0jFjiYi0 + YλlFliXT0iXλ′jYj0 + YλlFTli Yi0Xλ′jXj0 + (31)
XλiXi0Yλ′lFljYj0 −XλiYi0Yλ′lFljXj0 − YλlFlkYTkλ′Y T0jY ∗j0}.
